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Abstract: Friction drag is a nonnegligible matter when relative motion happens between solid and liquid phase,
which brings many inconveniences in ship navigation, fluid transportation, microfluid devices, etc. Thereby
various methods have been developed focusing on friction drag reduction. In this article, a review of several
widely studied drag reduction methods is given, specially, their advantages and limitations in practical
applications are discussed. Besides, a comparison of different methods is made and the development prospect
of drag reduction is concluded.
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Introduction

Solid–liquid interfaces are ubiquitous in nature, while
friction drag always comes along when relative motion
happens between solid and liquid phase, such as
marine navigation, pipeline transportation, microfluid
device operation, etc. According to the reports, marine
shipping alone accounts for about 12% of world’s
transportation energy consumption, where friction
drag is verified to contribute to 60%–80% of the total
drag on vessels [1, 2]. That means drag reduction at
the solid–liquid interfaces would have a significant
influence on performance promotion of underwater
vehicles and energy saving, which makes it an invariant
hot spot in recent decades [3–8].
Consequently, solid–liquid drag reduction has been
extensively studied, and a range of methods have been
developed, including surface microstructures [9–13],
superhydrophobic surfaces [14–16], supercavitation
[17–20], microbubbles [21–27], polymer additives
[28–31], oscillating wall [32–38], and compliant
wall [39–45]. Moreover, a new technique named
superlubricity, defined as the state of friction coefficient
in the order of 0.001 or lower, has made the solid–
liquid interface drag reduction usher in a new dawn.
* Corresponding author: Liran MA, E-mail: maliran@tsinghua.edu.cn

For instance, in shipping industry, superlubricity can
be applied both in engine cylinders and hull surfaces
to reduce component friction and sailing resistance,
thus lower the energy consumption dramatically [46].
And its suitability for a wide range of applications is
so attractive that a new time called “superlubricitive
engineering” is predicted to be coming soon, where
we may be able to get rid of friction drag and energy
consumption permanently [46–55].
In this article, although most of these drag reduction
methods have been proved effective or shown
enormous economic benefits in some cases, it is not
possible to give a throughout introduction of all
these methods in this short review. Hence, on the
consideration of their development status and own
features, here we choose four of the most representative
and promising drag reduction methods for detailed
description, namely, surface microstructures, superhydrophobic surfaces, supercavitation, and polymer
additives. Then a comparison of all these methods
mentioned above is made according to the reported
results. Furthermore, a discussion on the development
direction and prospect of solid–liquid interface drag
reduction is drawn out, in an attempt to bring the
readers a better insight into this issue.
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2

Drag reduction by microstructures

People may easily accept the idea that the smoother
the surface, the smaller the friction is, but the
observation of fast-moving creatures like swordfish
and sharks exhibits a surprising result that they all
have rough surfaces with special microstructures on
their skin (see Fig. 1) [56–59]. These findings bring
new inspiration to friction drag reduction, and
further research through experiments and numerical
simulations concerning the patterns, distribution,
geometric parameters, and mechanism of microstructures emerged in large numbers.
Among the relevant researches, the study of
biomimetic riblet microstructures imitating the
three-dimensional interlocking shield scale groove
structures of shark skin is more in-depth [10–13].
Walsh and Weinstein [60] were the first to conduct
an investigation regarding the drag characteristics of
longitudinally ribbed surfaces in 1978, and a small
drag reduction less than 4% was obtained with two of
the triangular grooved models. Further they examined
the influence of height and spacing of typical
V-shaped riblets by systematic experiments, which
indicated that a maximum drag reduction of 7%–8%
could be obtained for h+=13 and s+=15, where h+ and s+
are height and spacing of riblets in law-of-the-wall
variables defined as:
h   ( hU  / v) cf / 2

(1)

s  ( sU  / v) cf / 2

(2)

where h is the riblet height, s the riblet spacing, U∞
the free-stream velocity, v the kinematic viscosity,

Fig. 1 Images of swordfish and shark skin surface: (a) Pores
and denticles on the swordfish head. Reproduced with permission
from Ref. [58], © The Company of Biologists Ltd., 2016. (b) Riblets
on the shark anal fin. Reproduced with permission from Ref. [59],
© The Company of Biologists Ltd., 2014.

and cf the local skin friction [61]. In addition, more
studies have been constantly conducted to verify
the relationship between friction drag and design
parameters, including the size and shape of microstructures [62, 63]. Generally, the size of riblets is in
the range of 50–500 μm and the shape can be blade-like,
V-shaped (or called triangular), T-shaped, etc. [64, 65].
Despite the influence of various implementation
conditions, it is suggested that there are some design
rules in common. For instance, the drag reduction rate
is proportional to the riblet size for small riblets, and
the optimal riblets spacing may existence in the range
of 10 < s+ < 20 [65, 66]. But more effective prediction
methods still need to be developed.
After the early research of Walsh and Weinstein,
Bechert et al. [67] carried out a study on fast sharks,
observed the morphology of shark scales, and explored
the mechanism of drag reduction. In 1994, Park and
Wallace [68] made detailed measurements of a riblet
groove surface, and revealed that a drag reduction rate
of 4% was obtained and the riblet valleys can reduce the
vertical flux of streamwise momentum significantly.
After that, a considerable improvement over skinfriction reduction was found by Bechert et al. [62], by a
systematic experimental optimization with the utilization
of an oil channel, a drag reduction rate as high as
9.9% was proved to be possible for a surface with ribs
and/or slits. Apart from the 2D-riblets, experiments
on 3D-riblet surfaces was also launched by Bechert
et al. [13], but the best performance of 3D-riblets
was still about 1.7% lower compare with 2D-riblets.
Delightedly, shark-skin like microstructures were
applied to swimsuits successfully and left a quite
impressive performance in the 2000 Sydney Olympic
Games. Besides, there is a critical Reynolds number
which determines whether drag reduction can occur,
and Quintavalla et al. [69] demonstrated that the
changing of groove shape, width, or depth which
influence the total groove area could have a notable
effect on the critical Reynolds number. In recent
years, numerical simulation is more frequently used
in analyzing the drag reduction behavior of surface
microstructures, such as the investigation conducted
by Daeian et al. [70] using the Shan-Chen lattice
Boltzmann multi-phase model, as shown in Fig. 2,
which revealed the effect of the groove parameters on
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Fig. 2 Comparison of the meniscus shape for different groove
parameter values: (a–c) Different groove width. (d–f) Different
groove height (the red area represents the grooves). Reproduced
with permission from Ref. [70], © IOP Publishing, 2017.

the drag reduction performance in a 2D parallel-plate
channel with microstructures. Another example is the
numerical simulations carried out by Lee et al. [71],
which predicted the motion path of contaminants on
3D sharklet-patterned surfaces under perpendicular
flow and parallel flow, as shown in Fig. 3, and
indicated that the flow characteristic is a critical
factor that influence the performance of biomimetic
patterned surfaces.
In this part, we will introduce the fabrication
methods of surface microstructures in detail, and
summarize the proposed theories of drag reduction
mechanism.
2.1

Fabrication methods of microstructures

Scientists developed various methods to effectively
obtain the sharkskin-like surfaces with prepared
microstructures. Here we divide the common methods
into three categories and introduce them respectively.
2.1.1

493
process that first replicates the original microstructure
surface to obtain a template, then pours soft materials
or plastic fluid into the template or just prints to obtain
the required surface microstructures, as the example
shown in Fig. 4 [10, 72].
Typically, it is an effective way to fabricate precise
biomimetic surfaces, and following this basic principle,
specific techniques such as micro-molding, microembossing, vacuum casting replication, elastomeric
stamping, and electrocasting are further developed
[10, 73], thus extending the application range of
replicated forming. However, the increased costs with
the improvement of accuracy limit its large-scale
application. And for this issue, it is suggested that the
inducing of rolling and grinding process may provide
a promising way for solving this problem.
2.1.2

Etching method

Etching method is a way to achieve the fabrication of
surface microstructures by removing part of materials
from substrate in a designed pattern, specifically
including laser etching, photolithography, electronbeam lithography, plasma etching, chemical etching,
and so on, as shown in Fig. 5 [74–77].
From Fig. 5 we can see clearly that while all the listed
etching methods can create the grooves by removing
a thin material layer selectively, there is an obvious
difference in manufacturing accuracy. But we should
notice that even laser etching has a lower accuracy
because of the ablation and melting of matrix [78],
it is one of the most widely used methods since it
is fully developed, which significantly improves the
manufacturing processes of riblets [79].

Replicated forming method

The replicated forming method refers to a preparation

Fig. 3 Simulation of sharklet-patterned surfaces under:
(a) Perpendicular flow. (b) Parallel flow. Reproduced with
permission from Ref. [71], © Elsevier, 2020.

Fig. 4 Schematic diagram of the replicated process of a shark
skin surface. Reproduced with permission from Ref. [10], © John
Wiley & Sons, 2016.

www.Springer.com/journal/40544 | Friction

Friction 10(4): 491–515 (2022)

494

Fig. 5 Microstructures fabricated by different etching methods:
(a) Nanopillar array fabricated using electron-beam lithography.
Reproduced with permission from Ref. [76], © Springer Nature
BV, 2007. (b) Matrix micropattern fabricated by laser. Reproduced
with permission from Ref. [75], © Elsevier, 2016. (c) Top view and
(d) cross section of polymer structures fabricated by photolithography.
Reproduced with permission from Ref. [77], © John Wiley &
Sons, 2011.

Another point should be noted is the limitation
of these methods in the fabrication of complex 3D
microstructures, as they are more suitable for the
preparation of simple solid geometric patterns. That
means for etching methods there is still a long way to
go to meet the demands of practical production.
2.1.3

that a flexible biomimetic shark skin with thousands
of rigid shark denticles was fabricated by constructing
3D model of denticles and printing on flexible
membranes in a controlled, linear-arrayed pattern
(see Fig. 7), and an increase in swimming speed was
observed under certain motion programs while the
energy consumption decreased.
Overall, recent years have witnessed a substantial
progress in the fabrication of biomimetic surface
microstructures, and the continuously induce of other
technologies like electrostatic spinning, self-assembly,
sol-gel method, or electroless plating [81, 82] enriched
the choices to choose from. However, it is still fairly
difficult to meet the actual requirements of low cost,
large-scale production. New approaches considering
the cost, precision, and mass production need to be
further developed, and much effort should be exerted
in this respect.
2.2

The mechanism of surface microstructure drag
reduction

Results show that vortices generate in turbulent
flows while animals or objects move fast in the fluid,
which causes an increase in resistance. But the
phenomenon that the shear stress of a riblet surface
is lower than that on a smooth surface initiated the

Additive manufacturing

Additive manufacturing, also known as 3D printing,
is a newly developed manufacturing process, with an
outstanding advantage that highly complex customized
structures could be fully fashioned.
To date, additive manufacturing has attracted the
interests of many scholars, and recently, new methods
based on 3D printing have been developed to adapt
to the fabrication of surface microstructures, and
shark-skin like structures have been created by 3D
printing successfully. As shown in Fig. 6, Li et al. [80]
developed a multiscale stereolithography technology
based on 3D printing to prepare shark-skin like micro
features in a pipe, which demonstrated an excellent
drag reduction function of nearly 10%. Another
noticeable work was carried out by Wen et al. [59],

Fig. 6 3D printed pipe with artificial shark skin microstructures:
(a) Top view. (b) Side view. Reproduced with permission from
Ref. [80], © John Wiley & Sons, 2019.

Fig. 7 3D printed flexible biomimetic shark skin: (a) Threedimensional model of shark skin denticles. (b) Fabricated shark
skin in a curved state. Reproduced with permission from Ref. [59],
© The Company of Biologists Ltd., 2014.
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concerns of scholars, and a variety of theories on the
mechanism of microstructure drag reduction have
been put forward.
The protruding height theory proposed by Bechert
et al. [13, 62, 83] emphasizes that a protrusion height
difference exists between the longitudinal and cross
flow origins, thus the pinning of riblets to cross flow
and the limitation of grooves on momentum transfer
degree result in a wall shear stress reduction. On the
other hand, Bixler and Bhushan [9, 84] concluded
that the anisotropic flow encouraged by riblets
and the lifting and pinning of vortices in near wall
boundarylayer are the reasons for a lower friction.
And according to the direct numerical simulation
conducted by Choi et al. [10, 85], the mechanism of
drag reduction is that the micro spacings of riblets can
restrict the areas exposed to high-speed fluid, such that
the viscous drag is reduced, as illustrated in Fig. 8.
Of course other opinions, such as the assumption
that the existence of vortices in the riblet valleys
functions as antifriction bearing (see Fig. 9) and
consequently scales down the friction drag [86], or the
decrease of viscous drag can occur on the slope surface
because of the back-flowing phenomenon, are also
supported by some experiments.
The above are some representative theories to
explain the mechanism of surface microstructure drag

Fig. 8 Schematic diagram of: (a) Drag increase and (b) drag
reduction mechanisms by riblets. Reproduced with permission
from Ref. [10], © John Wiley & Sons, 2016.

Fig. 9 Schematic diagram of the drag reduction mechanism of
spanwise riblets. Reproduced with permission from Ref. [86],
© The authors, 2017.
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reduction, but so far, there is no final conclusion, and
we are looking forward to seeing that a more complete
theory could be brought up.
2.3

Summary

Studies about microstructure drag reduction have been
carried out in these decades, and many achievements
have been completed. However, the mechanism is still
uncertain and needs more verification. Furthermore,
it is self-evident that the large-scale application of
microstructure drag reduction is of great importance.
One of the main barriers in this field is the manufacture
of high-precision large-scale biomimetic surface
microstructures at low cost. New technologies are
expecting to be introduced into microstructure
manufacturing process and thus improving the
precision of bionic production. Another problem is
that even experiments have been performed in the
laboratory successfully, they are difficult to be applied
in practice because of the complexity of the real
environments, therefore, relevant solutions for industry
applications need to be further studied.

3 Drag reduction by superhydrophobic
surfaces
Superhydrophobic is a state that the contact angle
between the surface and the water drop is higher
than 150° [16]. It was discovered in the very beginning
of the 20th century, but had experienced a relatively
cold situation before the mid-1990s, right until the
thorough explanation of “lotus effect” by Neinhuis
and Barthlott [87, 88] in 1997. Since then, observations
of superhydrophobic phenomenon in nature have
attracted widespread attention. Inspired by special
patterned surfaces obtained from plant leaves, animal
feathers, and insects, various kinds of superhydrophobic
surfaces with special micro-/nanostructures have been
prepared, and different functions such as self-cleaning
[89], anti-biofouling [90], anti-icing [91, 92], and oil-water
separating [93] have been constantly discovered and
applied. And with the continuing advance of superhydrophobic surfaces, their applications in fluidic drag
reduction arouse the great interests of researchers.
It can be generally concluded that the research on
superhydrophobic surface drag reduction has gradually
www.Springer.com/journal/40544 | Friction
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developed from laminar drag reduction to turbulent
drag reduction. As early as 1999, Watanabe et al. [94]
had reported that superhydrophobic coatings can be
applied to laminar flow drag reduction for Newtonian
fluids.
Then in 2004, Ou et al. [95] found a reduction up to
40% by measuring the pressure drop when laminar
flow of water passed through microchannels with
hydrophobic surfaces, which demonstrated significant
drag reduction. Later, Joseph et al. [96] verified the
existence of slippage when water flowed through
superhydrophobic carbon nanotube forests inside the
microchannels in 2006, while Choi et al. [97] successfully
measured the slip length of water (~20 μm) and 30 wt%
glycerin (~50 μm) flowing through nanostructured
superhydrophobic surface, which further proved the
effectiveness of superhydrophobic surfaces in laminar
flow drag reduction.
After this, as turbulent boundary layer flows
representing the main applications, the possibility of
superhydrophobic surface drag reduction in turbulent
flow turned into the next concern [98–100]. In 2009,
Daniello et al. [7] confirmed the feasibility of superhydrophobic surfaces in turbulent drag reduction,
and a drag reduction approaching 50% was measured.
In 2014, Bidkar et al. [8] further presented watertunnel test data that showed sustained drag reduction
ability, and provided evidences that to maintain the
drag reduction effect for a long period in turbulent
flow regimes, a low level of surface roughness, the
formation of a Cassie state, and the ability of retaining
trapped air are all required. In the same year, Park et al.
[98] achieved a drag reduction rate as large as ~75%,
which positively confirmed that superhydrophobic
surfaces can obtain excellent drag reduction effect in
turbulent flows.
So far, superhydrophobic drag reduction has been
proved to be effective both in laminar flows and
turbulent flows, and significate drag reduction rates
could be obtained through proper operation. However,
while big progress has been achieved in this area,
there are still some key problems waiting to be solved
in the practical application, which also become the
focus of research in recent years. In this part, first we
will introduce the preparation principle, methods, and
the drag reduction mechanism of superhydrophobic

surfaces, then give a discussion about the key problem
in implementation.
3.1

Preparation principle and methods of superhydrophobic surface

The hydrophobic and hydrophilic properties of surfaces
are usually characterized by contact angle, which is
related to surface free energy. Young’s equation, as
shown in Eq. (3), was the first theoretical expression
to describe it specifically.
cosθ = (γsv - γsl )/ γ lv

(3)

where θ is the contact angle under equilibrium
condition, γsv is the surface tension of solid surface
under saturated vapor, γsl is the interfacial tension
between solid and liquid, and γlv is the surface tension
of liquid under its own saturated vapor pressure. It is
generally considered that the surface of the material
is hydrophobic when θ > 90° and hydrophilic when
θ < 90°.
On this basis, two further developed models called
Wenzel model and Cassie-Baxter model, as shown in
Fig. 10, were proposed by Wenzel and Cassie-Baxter
respectively to describe rough surfaces [101–103].
And the liquid on the superhydrophobic surfaces
can thereby be divided into Wenzel state and CassieBaxter state, which has an important influence on the
surface properties: the surfaces dominate by CassieBaxter state show low adhesion and self-cleaning
property such as lotus leaves [88], and for Wenzel
state, high adhesive forces for water can be found,
such as red rose petal [104, 105].
Detailed analyses focusing on the surface roughness
were carried out based on these two models, and the
results show that whether the contact mode is Wenzel
or Cassie-Baxter state, high surface roughness will
increase the hydrophobicity of hydrophobic surfaces

Fig. 10 Sketch of water drops on rough surface: (a) Wenzel state;
(b) Cassie-Baxter state.

| https://mc03.manuscriptcentral.com/friction
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or hydrophilicity of hydrophilic surfaces in the same
measure. Consequently, the preparation of superhydrophobic surfaces can be realized by constructing
micro-/nanostructures. In addition, it is worth noting
that a superhydrophobic surface was fabricated by the
preparation of columnar microstructure on hydrophilic
surface by Wang et al. [106], which provided a new
way to achieve superhydrophobicity.
To obtain superhydrophobic surfaces, methods
developed can be divided into three ways according
to different principles. The first one is to construct
microstructures on the low surface energy substrates
[107], the second one is to modify the rough surfaces
with low surface energy materials [108], and the third
one is to spray coatings containing nanoparticles and
low surface energy materials on the substrates [109,
110]. It has been pointed out that surface microstructure
is the main factor determining the superhydrophobic
properties rather than low surface energy materials,
as it’s hard to achieve superhydrophobicity only by
changing the surface free energy. Since we have
introduced the microstructure constructing methods
in Section 2.1, they are not listed here again.
3.2

497

Fig. 11 Schematic diagram of the laminar flow over a patterned
surface. bslip is the slip length, h is the laminar flow thickness, Vplate
is the velocity of the plate, a is the width of the groove, L is the
length between two grooves. Reproduced with permission from
Ref. [116], © American Chemical Society, 2020.

Eq. (4) and Eq. (5), respectively.

The mechanism of superhydrophobic surface
drag reduction

It can be seen from the above discussion that the
realization of superhydrophobic surface drag reduction
largely depends on the design of surface microstructures,
therefore, some scholars explain the mechanism from
this aspect. But for more researchers, the water
repellency and trapped air in the microstructures
are the main reason for drag reduction effect of
superhydrophobic surfaces, as a new air–liquid
boundary condition can be established [15, 111–113].
To further confirm the function mechanism, both
experiments and numerical simulations are widely
used in the analyses, and the results indicate that
the decrease in shear resistance is attribute to the
velocity slip at the interface [109, 114], as illustrated
in Fig. 11 [15, 115, 116].
Mathematical expressions and explanations are also
developed according to this theory. A typical example
is the expressions carried out by Choi and Kim [97, 112]
to calculate the drag reduction (DR) in Couette flow
and Poiseuille flow using bslip and h, as described in


h
DR  1/  1 

bslip







(4)


h
DR  3 /  3 

b
slip







(5)

Dong et al. [117] gave an explanation using the
hypothesis in Newton’s law of viscosity for this slip
boundary theory, as shown in Eq. (6).
F  A

du
dy

(6)

where F is the drag force, μ is the dynamic viscosity
of the fluid, A is the wetting area, and du/dy is the
velocity gradient in the fluid. They stated that despite
the small impact of wetting area, and taking μ as a
constant, the value of F is only related to du/dy, which
means the trapped air on the superhydrophobic
surface conduces to a slippage on boundary layer,
and the value of du/dy is then reduced, finally results
in the decrease in drag force.
3.3

A key problem in the application of superhydrophobic surfaces

These years, as sustained progress has been made
in laboratory research, scientists are paying more
www.Springer.com/journal/40544 | Friction
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attention to the applications of superhydrophobic
surfaces, and long-term durability of superhydrophobic
surfaces has become a critical problem in practical
implementations.
Generally, there are two main aspects that affect
the longevity of superhydrophobic surface drag
reduction. First, it is the constancy of plastron in
high-pressure and high-speed flows. A large number
of studies have shown that the frangibility of the thin
air layer has been the main reason for drag reduction
efficiency change with time, especially in large facilities
and turbulent flows in actual environment, and the
replenishment of the diffused plastron with air was
proved effective in maintaining long-term drag
reduction [98, 116, 118, 119]. Guided by this principle,
associated methods such as thermal, pneumatic,
electrolytic, and chemical methods have been developed
[120]. One typical work was carried out by Lee and
Kim [120], that they devised a electrolytic method to
replenish gas automatically at the air loss positions
using thin-film gold cathode on the substrate surface
and copper anode in the water. Similarly, Panchanathan
et al. [121] demonstrated a chemical method to
produce gas at the points of liquid infiltration by
the catalytic decomposition of hydrogen peroxide,
as depicted in Fig. 12.
The second influence factor is the mechanical
strength of surface microstructures. For this problem,
Cheng et al. [110] proved that the drag-reducing

property could be prolonged by enhancing the
mechanical stableness of superhydrophobic surfaces,
including the immobilization of rough structures,
and the regulation of surface energy and the coating’s
elastic property. Most recently, Wang et al. [14]
constructed a superhydrophobic surface with armourlike interconnected frame microstructure to provide
protection for highly water-repellent but fragile
nanostructures, as shown in Fig. 13, which offers
a new idea for long-term superhydrophobic drag
reduction.
On the basis of these studies, experiments in practical
environments have been also gradually conducted,
but the diverse results seem not so satisfactory
as expected [6, 122]. Happily, in 2020, significant
drag reductions of 30%–40% were obtained in the
experiments conducted with an approximately 4-m-long
boat in open water by Xu et al. [6], which confirmed
the drag-reducing capacities of superhydrophobic
surfaces in turbulent flows of practical interest.

Fig. 12 Sketch of an active superhydrophobic microtexture that
generates gas on-demand upon addition of the reactant, hydrogen
peroxide. H, 2R, L is the texture height, width, pitch respectively,
θ wrec is the contact angle of plastron recovery, dx is width of
the small area where gas front displaces water. Reproduced
with permission from Ref. [121], © American Chemical Society,
2018.

4

3.4

Summary

Superhydrophobic surface drag reduction is a simple,
effective method with an excellent performance. It is
widely studied since it’s of avail in both laminar and
turbulent flow and has a broad application prospect.
However, the main issue of this method in practical
application is the instability of plastron in high-pressure
or high-speed fluid and poor mechanical durability
of microstructures [98, 110, 116, 118, 119, 123].
Furthermore, porous structures formed in the
superhydrophobic layer decrease its corrosion resistance,
and in seawater creature fouling always does great
damage to its surface morphology constantly until
the surface loses drag reduction ability. Therefore, the
specific mechanism of superhydrophobic surfaces,
and their long-term application in large objects in
a variety of real environments need to be further
investigated.

Drag reduction by supercavitation

Supercavitation drag reduction refers to the creation
of an air clad on the surface of a moving object,
which transfers the solid–liquid interface into a solid–
air interface, so as to fully reduce the skin-friction

| https://mc03.manuscriptcentral.com/friction
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Fig. 13 Armoured superhydrophobic surface before and after abrasion: (a) Schematic diagram of test method. (b) Scanning electron
micrographs of silica fractal nanostructures housed within the silicon microstructure frame after abrasion. Reproduced with permission
from Ref. [14], © Springer Nature, 2020.

drag and achieve an extremely high speed, as shown
in Fig. 14 [19, 20, 124, 125].
Main flow patterns of supercavitation are summarized
in Fig. 15 [17]. It is concluded that both the shape
of the body and the cavitator should be taken into
consideration to ensure low skin-friction drag and
low pressure drag.
In the experimental research of supercavitation,
water-tunnel is one of the most important devices,
which mainly includes a test section, diffusers, elbows,
and a settling chamber, as shown in Fig. 16 [126], but

Fig. 14 Sketch of a body surrounded by a ventilated cavity.
Reproduced with permission from Ref. [19], © Springer Nature,
2019.

Fig. 15 Different axisymmetric flow patterns: (a, f) Unseparated
flow patterns. (b, e) Supercavitating flow patterns with non-slender
cavitators. (c, d) Supercavitating flow patterns with slender cavitators.
(e, f) Flow patterns with the base cavity. Reproduced with permission
from Ref. [17], © Springer Nature, 2012.

the flow velocity in the water-tunnel is relatively low.
Meanwhile, projectile is another efficacious method
which can travel at a much higher speed, although
sometimes its velocity is unsteady. In the simulation
study of supercavitation, the ideal fluid theory and
the fully turbulent flows theory are two main computational methods widely employed, and the ideal
fluid theory remains to be the most effective method
yet [19].
Needless to say, the supercavitation technique is of
great theoretical and practical interests due to its drag
and noise reduction ability for underwater vehicles, and
several successful cases have testified its tremendous
potential [127, 128]. Up to now, the most well-known
applications of supercavitation technology are the
“Shkval” supercavitating torpedo developed by Russia,
which is able to travel at speeds of up to 100 m/s
underwater. Besides, the “adaptable high speed
undersea munitions” developed by the U.S. army was
reported to achieve an incredible speed at 1,000 m/s
order of magnitude [129].
In the next sections, we will give a brief introduction
on the preparation and the drag reduction mechanism
of supercavitation, meanwhile, a discussion about the
key technologies in application is draw out.
4.1
4.1.1

The preparation of supercavitation
The theory of supercavitation formation

Since supercavitation is a special case of cavitation,
www.Springer.com/journal/40544 | Friction
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Fig. 16 Images of high-speed water-tunnel: (a) Sketch of a middle size water-tunnel model. (b) Test section of a full-scale high-speed
tunnel. Reproduced with permission from Ref. [126], © Springer Nature, 2017.

first we may need to get a basic idea of cavitation—a
phenomenon that the gas cores originally contained
in the liquid expand rapidly and form obvious bubbles,
for the fluid with a temperature lower than the
boiling point, it generally occurs in a certain location
where the hydrodynamic pressure drops below the
vapor pressure [130, 131]. In most cases, cavitation
is an undesirable phenomenon causing significant
degradation in the performance, while it can also be
effectively used in some occasions by proper operation,
and supercavitation drag reduction is one of its most
striking and ingenious applications [131, 132].
Cavitation phenomenon is usually characterized
by cavitation number (σ), as defined by Eq. (7).
σ=

P0 - Pv
ρv 2 /2

(7)

where P0 and v are the pressure and flow velocity at
infinite distance, Pv is the vaporization pressure of
the liquid, ρ is the density of the fluid.
Previous studies show that with the decrease of
cavitation number, the cavitation takes on different
states. When σ is at a relatively large value, only one
independent free cavity or bubble can be formed on
the surface of the object, which is called floating
cavitation. Then as the cavitation number decreasing,
the bubble in a cloud form will appear, with the
characteristics of strong vibration, intense noise, and
periodic shedding. When the cavitation number is
further reduced, a feed through area called sheet
cavitation will gradually form. And when σ < 0.1, the
sheet cavity will cover the whole surface of the flow
object, which is known as supercavitation [127].
Hereby we can see that small cavitation numbers
are required for supercavitation to occur, and in the
following sections we will present the implementation

methods developed based on this principle.
4.1.2

The preparation methods of supercavitation

Concerning about the preparation of supercavity,
specific methods have been developed from varies
ways, such as increasing the free stream velocity,
decreasing submersion depth, and increasing the cavity
pressure through ventilation [133]. Generally they are
concluded into natural supercavitation and ventilated
supercavitation two main directions [134].
(1) Natural supercavitation
Natural supercavitation refers to the supercavity
formed naturally at high enough velocity (more than
50 m/s) or low enough hydrostatic pressure.
As we mentioned above, physical experiments of
natural supercavitation usually carried out with small
projectiles or bullets, and always accompanied by
numerical simulations to analyze supercavitation
characteristics. A typical example can be seen in the
study accomplished by Jiang and Li [135], where the
simulation of natural supercavitations in drag-reducing
solutions with additives was conducted after physics
experiments, as shown in Fig. 17, which gave a clearer
insight into the function mechanism of additives on

Fig. 17 Comparisons of supercavities in water and drag-reducing
solution: (a) Experimental results of supercavities formed around
bullets. (b) Simulation results at various cavitation numbers.
Reproduced with permission from Ref. [135], © The authors, 2014.
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natural supercavitation.
Although the facility requirements for small-size
experiments are comparably low, it is quite hard
to achieve the preparation and the maintenance of
supercavity on full-size underwater vehicles naturally.
Thereby, this method is seldom used in practice.
(2) Ventilated supercavitation
Ventilated supercavitation, also known as artificial
supercavitation, refers to the method to form
supercavity by ventilation injection. Since a much
lower speed is required to achieve supercavitation, it
has been studied in a wide rage [136].
Since Reichardt proved the feasibility of achieving
supercavitation by artificial ventilation in 1946,
multiple researches about the influence of ventilation
volume, gravity, the characters of ventilated supercavitation and so on have been raised continuously
[19, 124, 137, 138]. And the experiments conducted by
Zhang et al. [138] show the development procedure
of ventilated supercavitation clearly (see Fig. 18),
from the bubbles formed at the cavitator to the
ellipsoidal partial cavitation, and finally transited to
supercavitation.
According to the reported articles, the preparation
methods of ventilated supercavitation can be divided
into three types. The first type is to inject gas from
the head of the object towards the direction of liquid
flow by using an air jet device, as shown in Fig. 19(a).
In this case, the gas pressure must be higher than the
liquid pressure at the static point of the object head,
and the gas speed must be more than 28 times of the
liquid flow rate. The second way is to use the liquid
injection device to spray liquid from the object head
towards the flow direction, and injecting gas into the
stagnant area at the same time, as shown in Fig. 19(b).
This method is based on the idealized condition that
the tail pressure is fully recovered to produce thrust,
which transfers the static point of the object head to
the liquid flow. The third method is injecting air into
the separated part to produce a stable and smooth
cavitation when the object moves at high speed and
the cavitation occurs at the sharp edge of the cavitation
generator, as shown in Fig. 19(c). When supercavitation
is completely formed, air can be replenished in any
part of the object, and it is the most common way to
achieve supercavitation at present.

Fig. 18 Development procedure of ventilated supercavitation:
from bubbles to supercavitation. Reproduced with permission from
Ref. [138], © Elsevier, 2007.

Fig. 19 Schematic diagram of supercavitation preparation by
different ventilated methods.

In general, artificial ventilation is a conducive way
for the rapid generation of supercavitation, but there
are still many problems to be solved, such as the
reasonable control of ventilation rate and the closure
mode [128], and the feasible structure for realization,
which need to be studied further.
4.2

4.2.1

The drag reduction mechanism and key
technologies of supercavitation
The drag reduction mechanism

Supercavitation exhibits a splendid drag-reducing
performance with a drag reduction rate more than
90%. A research carried out by Savchenk [18] pointed
out that for slender gyros, when σ is 0.01, the drag
reduction percentage can reach up to 95%, and it is
speculated that when σ is 0.0001, the drag reduction
percentage can be 99.9%.
The main mechanism is transferring the solid–liquid
interface to solid–air contact, thus the viscosity is
www.Springer.com/journal/40544 | Friction
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reduced sharply, and the friction resistance declines
accordingly. And the smaller velocity gradient of the
gas phase can also result in a reduction of the shear
stress. Meanwhile, with the decrease of σ value, the
volume ratio of dispersed droplets in the cavity gets
smaller and the air tends to be thinner, which lead
to a further weakening of the tangential momentum
exchange.
4.2.2

Key problems in practical application

Supercavitation is an attractive way for solid–liquid
drag reduction, however, it is not so commonly
applied to practical usage, on account of the key
problems unsolved.
(1) Stability of Supercavitation
The instability of supercavity in operation is the first
trouble in its practical application. To solve this problem,
the effect of parameters and operating conditions on
the stability of vehicles is widely studied [139, 140].
And ventilation forced instabilities, free shear
instabilities, bubble oscillation, and self-induced
oscillation are concluded to be the main influence
factors [141]. Moreover, it is observed that the objects
pitch up and down while moving, therefore the aft
portion may intersect the cavity, which can result in
the changes of the wetted contact area, and take a
great impact on the stability of the supercavitating
vehicle, and Lee et al. [142] proved that the pressure
near the water contact area changes dramatically.
The controlling methods are developed from two
aspects. On the one hand, it is implemented by building
a closed-loop control system that monitors the vehicle
state and adjusts the facilities such as ventilation
device and cavitator in real time. But this method
is rarely reported. On the other hand, appropriate
hydrodynamic layout and optimal design of cavitator,
model body, and tail wing are proved to be feasible at
this stage [129, 133, 143].
In addition, the instability caused by the dramatic
change of fluid dynamic during the formation of
supercavity is generally treated by increasing the
propulsion force, therefore reducing the generation
time, or optimizing front profiles of the supercavitating
vehicles [144], whereas high pulsations of vehicle tail
and high noise emission issues may then arise [138].

(2) Other problems
Effective control and precision guidance is another
key technology in the application of supercavitating
vehicles. Experiments carried out by scientists in
Germany have shown that the trajectory of a supercavitating vehicle can be controlled by the proper
motion of the object head cone [145]. And the thrust
vector system was proved to be able to control the
motor behavior of underwater supercavitating vehicles.
However, so far 3D real-time monitor and precise
guidance is still an unsolved problem [139, 146].
Besides, it should be noticed that propulsion
technology is also a key point of supercavitation
application. Rocket engines are usually used to generate
thrust, but the limited voyage mileage and propulsive
force decrease with the depth of water restrict its
application prospect, which should be taken into
consideration [147].
4.3

Summary

In this part we give a general introduction about
supercavitation, its great application potential can be
clearly seen. However, although it has been developed
for decades, the prediction of air demand and drag
reduction rate, the impact of the air supply method
for ventilated cavitation [19], the application of a 3D
trajectory tracking controller, and the robust constraint
fulfillment of supercavitating vehicles remain to be
open issues.
To overcome these problems and promote further
development in supercavitation, theoretical, experimental, and numerical methods need to be applied
comprehensively in research. And numerical simulation
of supercavitation will continue to be an important
means of future research, as it can significantly save
the cost of the experiments by beforehand simulation
and prediction, and provide effective analyses after
the experiments. In addition, with the combination
with other new technologies such as artificial neural
networks [127], more efficiency approaches may
be invented and shed light on the fundamental
understanding and application of supercavitation.

5

Drag reduction by polymer additives

Polymer drag reduction is one of the hottest issues
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in drag reduction area, generally it is working by
dissolving a small amount of polymer additives into
the turbulence flow, while the ability of drag reduction
is up to 80% with minute concentrations [30, 31].
Scientific and systematic researches about polymer
drag reduction were started from Toms’ [29] finding
that the flow friction of polymer solution is smaller
than that of pure solvent, by an experiment carried out
with chlorobenzene solution containing polymethylmethacrylate (PMMA) in the pipeline. This is the
phenomenon later known as “Tom’s effect”. After that,
the great potential of polymer drag reduction has
aroused much interests among scientists. As a result,
researches about the characteristics of polymer
additives, the influence factors and the maximum drag
reduction rate, the mechanism and the application of
polymer reduction etc. are carried out worldwide.
Noticeably, a new function way of polymer called
molecular brush was experimentally studied by Klein
et al. [148–150], in which polymers adsorbed on the
wall by electrostatic force and the existence of hydration
force or electric double layer force can produce an
ultra-low friction. This provides a new direction for
the further development of polymer drag reduction.
The first commercial use of a polymeric dragreducing additive was implemented successfully in
a crude oil pipeline in the Trans Alaska Pipeline
System during 1979, it is reported that the addition
of drag reduction additives has increased crude oil
production by up to 30% [151]. Inspired by the
successful application of polymer additives in oil
transportation, the investigations focus on the usage
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of polymer in other field like water delivery system
[152], firefighting [153], district heating and cooling
[154], petroleum loading and offloading as well as in
refineries [155], ship navigation, biomedical system
[156], and nuclear district heating system [157] have
been carried out continuously.
In this part, we will give a general introduction
of the drag-reducing polymer additives and the
representative theories of polymer drag reduction
mechanism.
5.1

Drag-reducing polymer additives and a key
problem in application

Polymer drag reducing agents can be generally
divided into oil soluble and water soluble, and they
are used in different conditions due to their own
characteristics. Apart from this, polymer additives do
have something in common.
5.1.1

Characteristics of drag-reducing polymer additives

According to research, the performance of polymers
in drag reduction is corresponding to its dissolution
rate, concentration, molecular weight, length and
structure, and so on [30, 158–160]. A typical result is
shown in Fig. 20 [161].
Here we summarize some detail results proposed
by researchers. Benzi [162] stated that the influence
of polymer concentration on drag reduction is related
to the maximum tensile strength of the polymer.
Besides, a good compatibility with solvent and a
relatively small added amount are also essential to

Fig. 20 Effects of parameters on drag reduction: (a) Concentration. (b) Different polymers. Reproduced with permission from Ref. [161],
© Elsevier, 2012.
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meet the practical demands. Shanshool et al. [163]
found that under certain concentration and Reynolds
number, the higher the molecular weight, the better
the drag reduction effect. In addition, synthetic
polymers with wide molecular weight distributions
were proved to be effective drag-reducing polymers
[164]. For the influence of molecular structure, it is
believed that a linear structure for a given molecular
weight is instrumental in drag reduction, while
contrarian views are given about whether branch
chains beneficial or not [165–167].
5.1.2 A key problem in application
Studies show that the efficiency of those additives is
not constant, polymer molecules are easy to degrade
(also called de-aggregation, as shown in Fig. 21 [168])
and lose their ability of drag-reducing in turbulence
flow. Since the degradation process is irreversible, it
has become the major obstacle in the application of
polymer additives.
Needless to say, degradation phenomenon has
received lots of attention. Early in 1989, Nguyen and
Kausch [169] had pointed out that residence time of the
polymers in the flow, shear rate, concentration of the
polymers, temperature, and polymer type are several
determined factors of degradation. Furthermore,
Pereira et al. [161] analyzed the impact of molecular
weight, Reynolds number, etc. with a cylindrical
double gap rheometer device. Zhang et al. [170]
found that the drag reduction ability decreases with
the increase of temperature, which is due to the increase
of molecular thermal motion and the destruction of
intermolecular interaction at high temperature.
Moussa and Tiu [171] suggested that owing to the
high stretcher strain of polymer molecules, most of the
degradation occurs in the entrance region. And Brostow
[172, 173] proposed a hypothesis that the degradation
rate of polymer additives is identical to the molecular
weight decrease rate. But latterly some results showed
that Brostow’s assumption is not adapted for occasions
like circulating flow or pipe flow [174, 175]. Zhang
et al. [176, 177] did further studies from a new
molecular view, their theoretical analysis and
experimental data suggested that the failure of Brostow’
assumption is due to the presence of aggregates in
polymer solutions, and they clarified that the broken

Fig. 21 Sketch of polymer de-aggregation. Reproduced with
permission from Ref. [168], © Elsevier, 2020.

of polymer chains result in the loss of drag-reducing
effect, and high molecular weight and linear chain
additives are more vulnerable in turbulent flow.
5.2

The mechanism of polymer drag reduction

Although polymer additives have been applied in
many cases successfully, the underlying physics is
still poorly understood. In order to find out the drag
reduction mechanism of polymer additives, a large
number of verification methods have been developed
in the past few decades. Generally, it is studied by
comparing the turbulence statistics and the turbulent
coherent structure before and after adding polymers,
or by studying the variation of polymer molecular
characteristics in turbulence.
And many theories have been proposed in
succession. Such as Virk [159, 178] considered that
the interference of polymer molecules on turbulence
and the extension of macromolecules participate in
the drag reduction. Brostow [179] recommended that
solvation is the main reason for drag reduction, the
solvates formed by macromolecular chains in the
fluid help to protect the solvent molecules from the
influence of turbulence, thus reducing the resistance.
Apart from these viewpoint, elastic theory and
viscous anisotropic theory are more widely accepted,
hereafter we will give a detail introduction.
5.2.1

Elastic theory

A main interpretation of polymer drag reduction was
due to Lumley [180, 181], it is argued that molecular
expansion is responsible for the different behavior
in the sublayer and buffer layer. He proposed that a
significant viscoelastic effect would occur under certain
conditions and assumed that the solution behaves
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as a strong viscous fluid in the turbulent region. It
is generally accepted but also facing some questions
with the continuous improvement of research.
Hence, an elastic theory was further developed by de
Gennes [182].
According to de Gennes’ theory, the energy
dissipated by small-scale vortex can be absorbed and
stored in the extended polymer microstructure in
the high strain rate region. A basic idea is that the
polymers will not be fully stretched, but those partially
stretched polymers can store elastic energy and
interfere with cascade systems in turbulence [182].
When the energy storage microstructure diffuses to
the low strain rate region, it will relax to the irregular
linear cluster, and the stored energy will be released
to the low wave number vortex in the form of elastic
shear stress wave, which greatly reduces the dissipation
of flow kinetic energy of the fluid and realizes drag
reduction.
A similar mechanism was put forward by Rabin
et al. [183, 184] based on the theoretical analyses of
vorticity disturbance in axisymmetric stretching flow
of dilute polymer solution, he considered that the
elastic energy storage of polymers suppresses the
cascade of energy and enhances the large-scale vorticity.
That means, when the Reynolds stress of turbulent
fluid and the elastic stress of polymer solution are in
the same order of magnitude, the energy transfer chain
is cut off, and the energy dissipation cannot reach the
final state, thus the flow resistance decreases.
This hypothesis can not only explain the drag
reduction phenomena of many viscoelastic polymers,
but also can be used in the quantitative calculation of

Fig. 22 An example of longitudinal shear at the entry of a capillary
(r* is the elongation). Reproduced with permission from Ref. [182],
© Cambridge University Press, 1990.
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the drag reduction rate. However, the development
of the viscous anisotropic theory of Tooder et al. [185]
brings it a big challenge.
5.2.2 Viscous anisotropic theory
Compare to elastic theory, there are other experiments
suggested that the mechanism of drag reduction is
the anisotropy caused by the stretching and orientation
of polymer molecules in the turbulent boundary
layer.
In order to learn more about the role of anisotropy
and elasticity in polymer drag reduction, Tooder et al.
[185] used laser Doppler velocimetry (LDV) to measure
the turbulence statistics and turbulent kinetic energy
spectrum near the wall, and applied direct numerical
simulation (DNS) to investigate the effects of polymers
on the flow, with two different models named viscous
anisotropic (VA) model and viscoelastic anisotropic
(VEA) model developed respectively.
The calculation results show that the first model
considering the viscous anisotropic effects is in good
agreement with the experimental data, while the
second model with the extension of an elastic component of polymer is quite different from the
experimental data [185]. This result supports Tooder’s
viscous anisotropic theory, which is a challenge to the
traditional viscoelastic theory.
To date, although some understanding of polymer
drag reduction has been gained, there is no recognized
model that can fully explain the whole phenomenon,
and a more practical mechanism is expected to be
developed.

Fig. 23 Mechanical model of (a) the viscous anisotropic model
and (b) the viscoelastic anisotropic model. Where u is the velocity
vector, µ2 is a constant related to the solvent viscosity, σ is the stress
(force),  is the strain (extension), G is the elastic modulus.
Reproduced with permission from Ref. [185], © Cambridge
University Press, 1997.
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5.3

Summary

From the review of polymer drag reduction given
above, we can see that the successful application of
polymer additives in oil pipeline and the attractive
drag reduction rate have made polymer drag reduction
a hot topic in recent decades. In the future, the
application range of polymer drag reduction needs
to be further expanded, as most studies are limited
in the laboratory at present. To achieve this, the
mechanism of polymer drag reduction needs to be
further explored. Cheerfully, with the development
of technologies, more advanced facilities are available
in experiments, which provide the possibility for the
further development in the investigation of function
mechanism. Another issue we should take into
consideration is influence of synthetic polymer additives
on environment, and natural organic polymers may
provide a new choice for this matter.

6

Comparison of different drag reduction
methods

Except the drag reduction methods introduced in the
previous parts, there are also some other wide studied
methods such as surfactant additives, microbubbles,
compliant wall, oscillating wall, and superlubricity.
Here we compare the reported drag reduction rates,
advantages and limitations, and typical applications of
all these methods, as listed in Table 1, so as to give a
more comprehensive understanding on solid–liquid
interface drag reduction.

7

Conclusions and prospects

Drag reduction at solid–liquid interfaces has attracted
wide attention of scholars because of its universality
and the great value in application to reduce energy
consumption, increase object’s speed and so on. Kinds
of drag reduction methods have been putting forward
and studied in depth, and some of the most influential
drag reduction methods are summarized respectively
in this article.
From the introduction and discussion above we
can draw a conclusion that improving the practical
application ability of varied drag reduction methods

is still a key problem waiting to be solved, and the
function mechanisms of drag reduction in different
situations need to be further clarified to provide
more guidance. In this regard, more efforts should be
made to develop or induce new research means and
facilities to promote the research. It is predictable that
future studies of drag reduction will be conducted
by multidisciplinary approaches, and numerical
simulation will play an important role.
Besides, the combination of various methods may
result in a better performance in drag reduction, and
we think that there could be two ways of combination.
The first is to choose one method as the main function
part, and induce other proper one or more as auxiliary
means to enhance the drag reduction effect, such as
the combination of superhydrophobic surfaces and
the heating wall, where heating wall is applied to
produce air layers to improve the drag reduction rate
and durability of superhydrophobic surfaces [202]. In
addition, the association of surfactant additives and
supercavitation, in which the additives effectively
enhance supercavitating process and modify the
turbulence structures, is also a typical case. The other
way is the normal combination of two or more
methods to achieve better results, for instance, add
polymer additives into the transported fluid while
the pipeline is also superhydrophobic treated. As for
the selection principle of drag reduction methods, we
believe that effectiveness, environmental friendliness,
low-cost, and long-term stability are four of the most
important factors to be concerned, which should
be taken into consideration whether one or more
methods are selected.
Furthermore, the future of drag reduction not only
lies in these well-developed methods, but also requires
researchers to seek new answers for enhancing
solid-liquid interface drag reduction. On this point,
as mentioned at the beginning, we believe that
superlubricity may provide a considerable solution.
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A comparison of different drag reduction methods.
Methods

Initial time of
study

Microstructure

mid-20th

[10, 12, 13, 62, 186–190]

century

Drag reduction
rate

3.75%–14%

Superhydrophobic
surface
[16, 87, 90, 91, 107, 109,

1990s

5%–56.9%

110, 112, 117, 191]

Polymer additives
[29–31, 110, 151, 165,

1948

20%–80%

192, 193]

Surfactant additives
[194–196]

Supercavitation
[18, 20, 145, 147]

Microbubbles
[23, 197]

Oscillating wall
[32–38, 196, 198]
Compliant wall
[40–45, 199, 200]

Superlubricity
[46–53, 55, 201]

1980s

Max. 83%

1970s

> 90%

1973

5%–80%

1990s

10%–45%

1960s

2.7%–12%

1990s

20%–appr. 100%

Advantages and limitations

Typical applications

·Simple and effective
·Energy-efficient
·Difficult to use in large objects
·Only capable in turbulent flow
·Poor persistence

·Rowing boats
·Swimsuits
·Airbus aircraft (in air)
·Helmets (in air)
·Golf balls (in air)

·Environmental protection
·Both effective in laminar flow
and turbulent flow
·Wide range of application
·Susceptible to surface adhesion
·Hard to steadily sustain

·Surface vessels and submarines
·Microfluidic devices
·Transportation pipelines
·Syringe tips

·Effective with a small amount of
additives
·Susceptible to mechanical
degradation (irreversible)
·Reduced heat transfer ability

·Crude oil and water flow
pipeline transportation
·Slurry or hydraulic capsule
pipeline transportation
·Suppression of atherosclerosis

·Self-assembly after mechanical
degradation
·Low environmental impact
·React with ions to produce
precipitation
·Decrease heat transfer

·Small-scale district heating
and cooling (DHC) systems

·Remarkable drag reduction rate
·Difficult to implement
·High-cost

·Underwater weapons and
vehicles
·Hydrofoil propellers

·High drag reduction efficiency
·No ship’s hull shape change
requirements
·Clean and pollution-free
·Additional energy or gas-providing
devices are needed
·Instability of bubbles
·Effective
·A considerable amount of energy
is required to work
·Not well understood
·Simple, cost effective
·Easy to retrofit
·Need to be replaced frequently
·Remarkable drag reduction rate
·Excellent energy saving effect
·Can be flexibly implemented in
a variety of ways
·High requirements for implementation conditions

·Ships

Not reported yet

Not reported yet

Supposed to be applied in:
·Watercraft
·Fluid machinery
·MEMS
·Biological joints, etc.
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